Purpose: Streptococcus pneumoniae is an important human pathogen causing invasive pneumococcal diseases (IPD). The re-emergence of eradicated S. pneumoniae-associated meningoencephalitis in Lebanon is a major point of concern. Methods: We aimed at conducting a comparative genome analysis of a multi-drug resistant S. pneumoniae, LAU-23F, linked to meningoencephalitis and fatality in a 10-months Syrian refugee infant in Lebanon, and 24 related publically available genome sequences. Serotype, capsular genes, MLST, SNPs, phylogenetic relatedness and repertoire of resistance genes were investigated. Genes encoding penicillin binding proteins (PBPs) were examined for mosaicity. Virulence factors were screened for SNPs as compared to reference strains. Results: The isolate belonged to ST-277 and was of serotype 23F. It showed an intermediate resistance to ciprofloxacin, cefuroxime and penicillin and carried multiple components of different efflux pumps. Gene mosaicity was observed in pbp2x, it was also distinct from other penicillin-resistant strains; pbp1a and pbp2b appeared to be conserved between LAU-23F and the reference strain SP49. The arrangement of capsular gene loci was similar to ATCC 700669 though polymorphism was detected in the cpsABCD region, believed to be conserved among different Streptococcus species. Amplitude of virulence factors was detected showing varying degrees of conservation compared to reference strains. Observed zones of high heterogeneity were associated with phage encoded regions. Conclusions: The fine levels of diversity throughout the genome could account for the pronounced invasiveness of this isolate. The genomicsbased methods used support the importance of implementing WGS in routine clinical diagnostics and surveillance of streptococcal diseases.
Introduction
α-hemolytic Streptococcus pneumoniae (pneumococcus) is a major cause of bacterial meningitis in infants (< 24 months) and pneumonia in elderly [1] . Mortality rates of untreated bacterial meningitis approach 100 % and can still occur with optimal therapy [2] .
The rapid intercontinental spread of drug-resistant S. pneumoniae is alarming [2] . Mass population movements, inadequate shelter and hygiene conditions and interrupted vaccination programs increase the risk and contribute to the spread of communicable diseases [3] . Syria is experiencing a protracted political and socioeconomic crisis accompanied with mass population displacement, with access to health care being severely restricted by security factors and/or poor living condition within refugee camps [4] . According to the Lebanese ministry of public health, 18 and 33 cases of S. pneumoniae associated meningitis were reported in 2014 and 2016, respectively. In 2016, S. pneumoniae associated meningitis made 7.2% out of the total meningitis cases reported, out of these 15 cases affected the 0-4 year's old age category and at least six were fatal [5] .
Fluoroquinolone and penicillin resistant S. pneumoniae were previously described in Lebanon [6] [7] [8] . Moreover, resistance to β-lactams through modifications in the penicillin-binding proteins (PBPs) is a hallmark of adaptability in pneumococci [6] .
The capsule is the major virulence factor (VF) in S. pneumoniae. It is made out of polysaccharides covering the cell wall and acts as the principal anti-phagocytic and defensive component that prevents access of the leukocytes to the cell wall [9] . The genes coding for the capsule biosynthesis in S. pneumoniae were previously designated as cps [10] or cap [11] . All cps loci in S. pneumoniae, except for type 37, are located between dexB and aliA co-transcribed from a promoter located upstream of the first cps gene, also referred to as wzg or cpsA [12] .
The capsular polysaccharides are used for identification and serotyping, with 97 different serotypes of capsulated pneumococci being already described [13] . These are targeted by either 23-valent or 13-valent pneumococcal vaccines [9] . Serotypes 6, 14, 18, 19 and 23 are the predominant disease causing types [9] . Serotype 23F is among the 23 serotypes that account for approximately 90% of invasive pneumococcal infections [14] . Capsule switching to alternative types such as that of serotype 23F to 14, 19A or 19F has been previously reported [14] .
The use of whole-genome sequencing (WGS) permits the identification of proteins involved in pathogenesis and that are exploited as potential vaccine targets [13] . In this case report, we perform the genome sequencing and comparative genome analysis of S. pneumoniae ST-277 serotype 23F causing fatal meningoencephalitis in a 10-month Syrian refugee infant hospitalized in Lebanon with 24 publically available genomes sequences. This is the first report of WGS analysis of S. pneumoniae in Lebanon and Syria, which emphasizes on the importance of implementing WGS in routine clinical diagnostics and surveillance of streptococcal disease.
Methodology

Ethics Statement
The bacterial sample was collected and stored as part of routine clinical care. Ethical approval was not necessary as the patient remained anonymous.
Case Description
The 10-months old female patient living in Halat, Lebanon, was admitted to the pediatric intensive care unit (PICU) at the Centre Hospitalier Universitaire Notre Dame de Secours hospital on the 17/05/2016 for high-grade fever and seizure. She has received three doses against hepatitis B, three doses to diphteriatetanus-pertussis and oral poliovirus vaccines. She was not vaccinated against Pneumococcus or Rotavirus. The history of the illness goes back to five days prior to the presentation when the child developed spikes of fever reaching 40°C, responsive to antipyretics. She also developed watery, non-bloody diarrhea, non-mucoid, two episodes per day and multiple episodes of projectile non-bloody, non-bilious vomiting for which she received Domperidone, oral rehydration salts and cefpodoxime (Third-generation cephalosporin). Twenty-four hours prior to hospitalization, somnolence was recorded with reduced poor oral (PO) intake, complicated by focal tonico-clonic seizures of the left body side. Upon arrival to the ER, the patient was somnolent, lethargic, Glasgow Coma scale 10/15, with bulging anterior fontanel and normal deep tendon reflexes all over extremities. Her vital signs were SaO 2 :100%, heart rate (HR):157/minute, blood pressure (BP):110/70. Urgent brain CT scan with and without contrast showed signs of diffuse meningoencephalitis. Full sepsis workup on the first and second days of hospitalization results are summarized in Table 1 Antibiotic Susceptibility Testing Antimicrobial susceptibility testing was performed using the disk diffusion method against 24 antibiotics. Results were interpreted according to the EUCAST breakpoints as updated in 2015 (http://www.eucast.org) [15] .
DNA Isolation & Genome Sequencing
DNA extraction was performed using the Nucleospin Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions. Genomic DNA (gDNA) was used as input for library preparation using the Illumina TruSeq DNA library preparation kit (Illumina, San Diego, CA, USA). The library was multiplexed, clustered, and sequenced on an Illumina MiSeq with paired-end 500 cycles protocol to read a length of 250 bp.
Multilocus Sequence Typing
Multilocus sequence typing (MLST) was performed through the amplification of seven housekeeping genes (aroE, gdh, gki, recP, spi, xpt and ddl) as previously described [16] .
Genome Analysis
Genome assembly was performed de novo using A5 with default parameters [17] . tRNAs and rRNAs were detected using ARAGORN v1.2.36 [18] and the RNAmmer Prediction Server 1.2 [19] , respectively. MLST 1.8 server was used to determine the ST [20] . The genome was subjected to BLAST analysis against Resfinder 3.0 [21] the Antibiotic Resistance Database (ARDB) [22] and the Comprehensive Antibiotic Resistance Database (CARD) [23] . PHASTER detected putative phage sequences in the genome [24] . Capsular serotype was determined using the automated WGSbased serotyping bioinformatics tool, PneumoCaT (Pneumococcal Capsule Typing) [25] . The presence of genomic islands (GIs) was determined using IslandViewer 4 [26] . The sequences of gyrA and parC were extracted and compared with reference sequences for parC (accession no. Z67739) [27] , gyrA (accession no. U49087) [28] . Genes encoding capsular loci and major VFs were extracted and aligned with reference genes using BioNumerics v7.6.1 beta software (Applied Maths, Sint-Martens-Latem, Belgium). The obtained alignment was used to screen and locate single nucleotide polymorphism (SNPs).
SNPs-based Phylogenetic Analysis
The sequenced genome was aligned against the chromosome of SP49 using the Burrows-Wheeler Aligner (BWA). SNP-calling was performed by mapping the genome of LAU-23F to 24 genome sequences of S. pneumoniae strains retrieved from NCBI using the BioNumerics v7.6.1 beta software (Applied Maths, Sint-Martens-Latem, Belgium). A neighbor-joining (NJ) tree of categorical differences was drawn in BioNumerics by using synonymous mutations from the filtered wgSNPs data as input.
Comparative Genome Analysis
The obtained scaffolds were ordered and oriented with Mauve [29] using SP49 genome as a reference. Genomes were aligned using ProgressiveMauve to identify conserved segments known as Locally Collinear Blocks (LCBs) and search for heterogeneity zones [29] . The Average Nucleotide Identity (ANI) online tool (http://enve-omics.ce.gatech.edu/ani/) was used to calculate the similarity between LAU-23F and closely related strains by using default settings [30] . CGView was used to visualize the circular genome blast hits of LAU-23F against SP49 [31] .
Nucleotide sequence accession number
The datasets generated during the current study are available in the DDBJ/ENA/GenBank repository under the accession number MLQV00000000.1.
Results
Genome Annotation
The obtained 2,058,652 bp genome consisted of 54 contigs, 39.7% GC, 48 tRNAs and six rRNAs. The isolate belonged to ST-277 and was of capsular serotype 23F.
Antibiotic Resistance
LAU-23F had an intermediate resistance to ciprofloxacin, cefuroxime and penicillin.
Multiple antibiotic resistance determinants such as components of efflux pumps (patB, imrC, imrD, pmrA, taeA, mefE,) associated with resistance to ciprofloxacin and norfloxacin, mfd conferring resistance to fluoroquinolones, along with pmrE conferring resistance to polymyxin and ileS resistance to mupirocin were detected.
Alignment of pbp2x in LAU-23F, SP49, TIGR4, R6, ATCC 700669 and Hungary 19A revealed similarities ranging between 88.2-92.9%. pbp2x in LAU-23F was most closely related to SP49 (90.2% similarity). In total, 220 SNPs were detected between pbp2x in LAU-23F and SP49 and 232 SNPs between pbp2x in LAU-23F and R6, the penicillin sensitive strain. pbp2b in LAU-23F was 100% similar to that of SP49 and 88.9-96.1% similar to the other isolates. Similar results were obtained for pbp1a . No mutations were detected in gyrA; S132N and I462V amino acid substitutions were found in parC.
Virulence Factors
Capsule LAU-23F and ATCC 700669, both of serotype 23F, had an identical capsular gene arrangement. cpsABCD was examined for polymorphism. cpsA in LAU-23F was most closely related to ATCC 700669 and most distantly to TIGR4. cpsA had 162 SNPs, 70 in cpsB, 179 in cpsC, and 210 in cpsD as compared to the reference strains ( Figure 1 ). Adherence LAU-23F did not express neither the type I pilus (PI-1) nor the type II (PI-2). One single AG change was observed in pavA between LAU-23F and SP49 at position 856 bp, while ten SNPs were detected in pavA between LAU-23F and ATCC 700669.
PLY
Only Four SNPs in ply were detected between LAU-23F and ATCC 700669. Similarly, four distinct SNPs were found in ply between LAU-23F and SP49.
LPXTG-anchored proteins
hlyA hyaluronidase in LAU-23F was 99.3% similar to hlyA in TIGR4. hlyA in SP49, Hungary ß19A-6 and ATCC 700669 appeared to be significantly different from the latter two strains. In total 24 SNPs were found in hlyA between LAU-23F and TIGR4. No deletions or premature stop codons were detected. All strains carried nanA. nanA in ATCC 700669, Hungary19A-6, SP49 and LAU-23F appeared to be 99% similar and clustered separately from nanA in TIGR4. Although significant variation was observed in prtA in TIGR4, Hungary19A-6 and ATCC 700669 (% similarity < 55%), prtA in LAU-23F and SP49 were 100% identical.
Lipoproteins psaA in LAU-23F, ATCC 700669, Hungary19A-6, SP49 and TIGR4 were 99.5-100% identical. psaA in LAU-23F was more closely related to SP49. Also, SlrA and PpmA, lipoprotein peptidyl prolyl isomerases were 99.3-100% similar between all isolates. slrA and ppmA in LAU-23F was more closely related to SP49 then to others. Iron compound ABC uptake transporter proteins were also highly conserved in LAU-23F and reference strains.
Choline-Binding Proteins (CBPs)
Ten CBPs were present in LAU-23F and ATCC 700669. lytA in LAU-23F was only 87.2% identical with SP49 and 120 SNPs detected. lytB in LAU-23F and Hungary19A-6 were 100% identical, while lytB in ATCC 700669 was only 66% similar to the other two isolates. lytB in TIGR4 was more genetically divergent and thus was not included in the comparison. lytC was 99.1-100% identical in LAU-23F and all references, except in SP49 showing only 28% similarity. cbpE in Figure 1 . Capsule biosynthesis genes in LAU-23F, ATCC 700669, SP49 and Hungary19A-6. Genes were colored as previously described by Bentley et al. (2006) [12] . UPGMA phylogenetic relatedness and percentage similarity of the cpsABCD genes is indicated.
LAU23-F was 99% identical to that of Hungary19A-6 while ATCC 700669 and SP49 appeared to be only 57% and 27% similar, respectively.
Phages & Genomic Islands
In total, 24 genomic islands (GIs) were detected ranging in size between 4,050 bp to 31,602 bp. The majority were associated with the ABC transporter system and iron uptake or carried phage related proteins (Table S1 ; Figure S1 ).
Comparative Genome Analysis
Comparative genome analysis by ANI [30] and circular genome mapping with SP49 resulted in 99.73% identity (Figure 2) .
Phylogenetic analysis based on wgSNPs separated the 24 S. pneumoniae isolates downloaded from NCBI into five clusters ( Figure 3 ; Table S2 ). LAU-23F was most closely related to SP49 (Serotype 19A; ST-277; highly susceptible to macrolides) isolated in Germany [32] .
Mauve alignment of the isolates belonging to clade IV identified nine LCBs with few inversions between LAU-23F and SP49 but none with Hungary19A-6 ( Figure S2 ). Accordingly, most of the genomes included in the analysis appeared homogeneous with matching DNA segments. However, using genome alignment on BioNumerics, we detected at least three distinctive non-matching regions designated as 'high heterogeneity zones' (HHZ1; HHZ2 and HHZ3). HHZ1 (23,500-98,000 bp) and HHZ2 (1,452,800-1,494,000 bp) encoded phage-related proteins, while HHZ3 (1,671,600-1,720,000 bp) encoded cell wall surface anchoring proteins. Other smaller regions of nonsimilarity were related either to phages or to capsular polysaccharide proteins (Figure 4) .
Function-based genome comparison of LAU-23F with SP49 using RAST revealed five unique regions in LAU-23F corresponding to carbohydrate and lipid metabolism, and cell wall components (Table S3) .
Discussion
S. pneumoniae serotype 23F is amongst the most common causes of IPD [3] . In this case report, the genome sequencing and comparative genome analysis of an emerging S. pneumoniae ST-277 serotype 23F causing fatal meningoencephalitis in a 10-months Syrian refugee infant hospitalized in Lebanon is presented.
LAU-23F showed an intermediate resistance to ciprofloxacin, cefuroxime and penicillin. Fluoroquinolone and penicillin resistant S. pneumoniae were previously described in Lebanon [6] [7] [8] . However, with the recent increase in the number of refugees and lack of vaccination among children, streptococcal infections are on the rise [3] . Resistance to β-lactams in S. pneumoniae occurs through mutations in the genes coding for the penicillin binding proteins (PBPs) that play an essential role in the bacterial cell wall synthesis [8] . As in LAU-23F, β-lactam-resistant clinical isolates are almost always resistant to both penicillin and cephalosporins [33] . In LAU-23F, the detected lowaffinity PBP2× mutants and PBP1a variants explain resistance to ß-lactams [8] .
Fluoroquinolone resistance in S. pneumoniae has been less frequently documented compared to that for penicillin, tetracycline and chloramphenicol [34] . Neighbor-joining (NJ) tree of wgSNP calling performed by mapping the paired-end reads of LAU-23F and 24 S. pneumoniae genomes downloaded from NCBI. The sequences data were aligned against the chromosome of the SP49 reference genome using the Burrows -Wheeler Aligner (BWA). S. pyogenes M1 GAS was used as an outgroup to root the tree. Figure 4 . Whole-genome alignment of LAU-23F and seven reference genomes (SP49, Hungary19A-6,670-6B, P1031, R6, D39 and ATCC 700669) constructed using BioNumerics v7.6.1 beta software. Stretches mapping on the second sequence in direct orientation are indicated with a blue arrow, those mapping on the second sequence in inverted orientation are marked with a red arrow.
The first case of fluoroquinolone-resistant S. pneumoniae in Lebanon was reported in 2006 [6] . LAU-23F showed an intermediate resistance to fluoroquinolones (ciprofloxacin). Two mechanisms contribute to fluoroquinolone resistance in pneumococci: target alteration and active efflux. The first mechanism results from mutations in the quinolone resistance-determining region (QRDR) encoding gyrA and parC subunits. No mutations however, were detected in gyrA in LAU-23F, whereas S132N and I462V amino acid substitutions were seen in parC. Mutations in a single target enzyme could be precursors of resistance [35] . The second mechanism contributes to fluoroquinolone resistance through the overexpression of the ABC transporter genes patA and patB, both found in the LAU-23F genome [36] .
Genome plasticity is favored by the capacity of the pneumococcus to obtain DNA through natural competence and by genome rearrangements through mobile components in its genome [14] . Zones of high heterogeneity (HHZ) detected in LAU-23F indicate that the gain and loss of genetic components through phages are essential and are linked to strain-specific differences [37] . Phages could encode toxins or other VFs that contribute to the pathogenesis in S. pneumoniae [37] .
Due to its antiphagocytic activity, the polysaccharide capsule is probably the most important VF in pneumococci [13] . LAU-23F and ATCC 700669, both of serotype 23F had an identical capsular gene arrangement. Extensive inter-strain sequence variations in the cps promoter (the intergenic sequence between dexB and cpsA) were linked to variations in capsule production, adhesion to host epithelial cells, evasion of phagocytosis and virulence [38] . Interestingly, we noticed that SNPs frequently occur in the cpsABCD region suggesting that this region should not be overlooked when studying capsule variations.
Another major pneumococcal VF is ply encoding pneumolysin that was linked to brain damage and deafness in pneumococcal meningitis [39] . Similarly to the other reference genomes used, LAU-23F also carried ply. Only four SNPs were detected in this region when comparing LAU-23F to ATCC 700669 and LAU-23F to SP49.
At least, 17 putative LPXTG-anchored proteins were found in the pneumococcal genome [38] . Hyaluronidase, encoded by hlyA and secreted by most clinical isolates, favors inflammation during pneumococcal infections [38] . hlyA in LAU-23F showed to be 99.3% similar to hlyA TIGR4, and different from the one detected in the other reference strains (SP49, Hungary 19A-6 and ATCC 700669). No deletions or premature stop codons were detected suggesting that the hyaluronidase is functional and hence can be linked to rapid disease onset [40] .
The number of CBPs varies between S. pneumoniae strains, with ten and 15 CBPs being detected in R6, LAU-23F, and ATCC 700669 and 15 in TIGR4 [40] . Several CBPs are associated with virulence, including four cell wall hydrolytic enzymes (LytA, LytB, LytC, and CbpE). lytA in LAU-23F appeared to be dissimilar from the references with 87.2% identity with SP49 with 120 SNPs. On the other hand, lytC was 99.1-100% identical in LAU-23F and all references, except in SP49 showing only 28% similarity. lytB, lytC and cbpE in TIGR4 were much more genetically divergent and thus was not included in the comparison.
PavA mediates adherence to the host endothelial cells by binding to fibronectin [38] . PavA was present in LAU-23F and reference sequences. One single substitution was observed between LAU-23F and SP49, while ten SNPs were detected in pavA between LAU-23F and ATCC 700669.
The high level of similarity observed between LAU-23F and SP49, though collected from different geographical locations, suggests evolutionary relatedness between the two strains and an intercontinental spread of this clone [14] . wgSNPsbased phylogenetic analysis of the 24 genomes revealed five major lineages. However, as previously reported, the distribution of the isolates did not significantly correlate with capsular serotype or site of isolation [32] . Clade III showed no correlation between the STs and serotypes. Interestingly, the ddl MLST locus was the one that varied within the isolates that clustered in this clade. This was previously observed in other S. pneumoniae serotypes [41] . The ddl locus closely aligns to pbp2b, which was acquired by horizontal gene transfer during the evolution of penicillin resistance, and accordingly not recommended to be used in MLST based phylogenetic analysis [32] . LAU-23F clustered in clade IV and as such was more closely related to serotype 19A with single or double locus ST variants than to serotype 23F ATCC 700669 isolate. It has been previously reported that large-scale recombination events have been observed in serotype 23F favoring a shift in capsular serotype from 23F to 19A under vaccine pressure [14] , possibly explaining the observed phylogenetic relatedness.
Conclusion
The variations detected in the cpsABCD capsular regions and among the studied VFs suggest that a constant selection in pneumococci occurs during carriage to escape the immune system which could have an impact over the disease outcome [33] . As the data on serotypes associated with IPD from the regions with the highest disease burden are limited, the importance of surveillance to monitor and control spread cannot be undermined. Thus, the routine use of WGS appears to be a low-cost, rapid, high resolution technique driving the future of clinical diagnostics and surveillance. Figure S1 . Distribution of genomic islands on the LAU-23F chromosome. Figure S2 . Genome alignment of LAU-23F with six reference genomes (SP49, Hungary19A-6,670-6B, P1031, R6 and D39) using the Mauve tool. Regions located outside blocks did not match to homologous regions. The average level of conservation is illustrated by the height of the similarity profile. White areas are unique regions in a genome.
